WATER RESOURCES RESEARCH, VOL. 25, NO. 10, PAGES 2187-2193, OCTOBER 1989
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Accurate estimates of the unsaturated hydraulic properties are needed for any quantitative
description of multiphase flow in porous media. This paper presents a consistent set of parametric

models for the isothermal,

hysteretic unsaturated fluid phase content (retention) and hydraulic

conductivity functions of typical two-phase systems like water and air, or water and hydrocarbons.
The equations are obtained by combining expressions for the hysteretic fluid retention curves with the
statistical pore size distribution model of Mualem (1976) which predicts the hydraulic conductivity
from more easily measured fluid retention data. Hysteresis is described using the model of Scott et al.
(1983). The existence of residual fluid saturations for both the wetting and nonwetting fluids is justified.
Theoretical and experimental considerations indicate a need to match predicted and observed
hydraulic conductivities at fluid phase contents less than full saturation.

INTRODUCTION

There is growing evidence that the quality of the environ-
ment is being adversely affected by agricultural, industrial,
and municipal activities. In efforts to better manage and
monitor the migration of chemicals in the subsurface, scien-
tists and engineers are developing increasingly sophisticated
computer models describing how water and dissolved con-
stituents move into and through the unsaturated zone of
soils. For example, models are now routinely used by

agriculturalists to compare alternative management prac- '

tices for the purpose of optimizing crop yield and minimizing
groundwater pollution by salts and toxic elements. Numer-
ical models have also become popular tools for evaluating
groundwater contamination from existing waste disposal
sites, as well as for the siting and optimal operation of newly
designed disposal systems. This trend of using models as
tools in research and management is likely to continue as
computer costs decrease and the need for more realistic
models increases.

Unfortunately, our current technology to develop sophis-
ticated numerical models of water and solute movement in
soils far exceeds our ability to accurately estimate the
parameters which appear in those models. This is especially
true for the unsaturated soil hydraulic properties which are
by far the most important soil parameters affecting the rate
with which water and dissolved chemicals move through
soils. While a large number of laboratory and field methods
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have been developed over the last several decades to esti-
mate the soil hydraulic functions, and especially the unsat-
urated hydraulic conductivity {e.g, Klute, 1986; van Genu-
chten et al., 1989], most or all of these methods have
remained extremely difficult to implement. Enormous in-
vestments have been made, and continue to be made, by soil
scientists and engineers in measuring the hydraulic functions
using laboratory or field methods that have not significantly
improved over the last several decades. Thus cheaper and
less time-consuming techniques for measuring these proper-
ties are needed if we are to implement improved practices for
managing water and chemicals in the unsaturated zone of
soils.

One major factor that complicates the accurate measure-
ment of the unsaturated soil hydraulic properties is iheir
hysteretic nature when two immiscible fluids like air and
water, or water and hydrocarbons, simultanecusly eccupy
the pore space. Neglecting hysteresis in fluid Aow calcula-
tions may result in significant prediction errors, as has been
shown by Dane and Wierenga [1975], Hoa er al., [1977],
Kaluarachchi and Parker [1987], among others. In this paper
we develop a consistent set of parametric equations for the
hysteretic, isothermal soil hydraulic properties of two im-
miscible fluids. Two equations are needed for the volumetric
fluid contents, 4;, as a function of the pressure difference
(p.) between the two fluids (; = 1, 2). The fluid contents also
depend on the time derivate ap 1ot to reflect the history of
the flow process, being either drying (drainage) or wetting
(imbibition): '

81 = 0(p., dapJor) {la)

b= ¢ — 8, (15)

2187



2188

where ¢ is the porosity, 1 is time, and p, is the soil matric or
capillary pressure. By definition, 6, in (la) and (15) is the
wetting fluid and 6, is the nonwetting fluid.

Two additional equations are needed to describe the
mobility of each fluid in the subsurface. The mobility of a
fluid is expressed in terms of the hydraulic conductivity (K;)
as a function of the fluid content (6;) and selected properties
of the fluid-filled pore network, notably the connectivity (/;)
and statistical distribution (m) of the pore channels: i.e.,

K;=Ki{0;, I;, m) i=1,2 2

Instead of directly measuring the hydraulic conductivity
function at selected water contents, alternative theoretical
approaches have been developed over the last several dec-
ades to estimate this function from more easily measured
fluid retention data. Much research has been carried out to
develop and experimentally evaluate statistical pore size
distribution models which consider the soil as a set of
randomly distributed interconnected pores of varying radii.
This research includes the early works of Childs and Collis-
George [1950], Burdine [1953], and Brooks and Corey [1964,
1966], and the more recent studies by Mualem and coauthors
[Mualem, 1976; Mualem and Dagan, 1978], among others.
An excellent comprehensive review of these types of statis-
tical models is given by Mualem [1986]. The predictive
models have significantly advanced our ability to quantita-
tively describe the unsaturated soil hydraulic properties,
including the hysteretic nature of the soil water retention
functions.

The above studies all consider parts of the overall physical
and mathematical problem of how to best quantify the
unsaturated soil hydraulic properties. The purpose of this
paper is to build upon those studies by deriving a consistent
set of relatively simple parametric models for the hydraulic
properties using a continuum approach to immiscible mul-
tiphase flow at the local scale. As such, we attempt to unify
the main theoretical and practical concepts previously de-
veloped in some of our own publications [Luckner, 1977;
Luckner et al., 1978; van Genuchten, 1980; van Genuchten
and Nielsen, 1985; Luckner and Schestakov, 1986]. In par-
ticular, we shall address the hysteretic nature of the soil
hydraulic properties, conditions at which the fluid phases
become immobile leading to the presence of residual satura-
tions for both the wetting and nonwetting fluids, physically
acceptable ranges of values for selected soil hydraulic pa-
rameters, and the problematic nature of using the measured
saturated hydraulic conductivity as a matching point for the
predicted unsaturated hydraulic conductivity function.

PHASE CONTENTS AND THEIR SPATIAL DISTRIBUTION

"The relative contributions of two fluid phases (i = 1, 2) and
one solid phase (i = 3) comprising a subsurface porous
medium can be expressed in terms of their volumetric
contents, i.e.,

0,=VJI/V =13 (3a)

such that

(3b)
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where V; is the volume occupied by phase i, V is the total
volume occupied by the three phases combined, and 8; is the
volumetric content of phase i. Geohydraulics based upon
continuum mechanics assumes that all three phases (e.g., the
solid, liquid, and gaseous phases) occupy the subsurface in a
spatially continuous fashion. In other words, one and the
same point or part of the subsurface is assumed to be
occupied homogeneously and simultaneously by two fluid
phases and one solid phase in the same fashion as oxvgen
and nitrogen occupy the atmosphere. Of course, this picture
can only be valid on a scale which allows local spatial
averaging of the actual, microscopic phase distribution. It is
on this scale that soil properties can be characterized locally
by their volumetric phase contents (;), their bulk phase
densities (p;), and their hydraulic phase conductivities (K.
It is also on this scale that Darcy’s law is presumed to be
valid.

However, on a scale smaller than the above local scale,
immiscible phases become discontinuously distributed, The
solid phase at such a microscopic scale raay be viewed io
form a rigid skeleton of given geometry, whereas the two
immiscible fluids form different networks which fill the
empty (nonsolid) voids inside (or around) the solid phase.
We consider the ensemble of solids in the soil as a connecied
phase, being fixed in time and immobile in space. The
wetting fluid phase in the subsurface (e.g., water) is also
considered as a connected phase. On the other hand, the
nonwetting fluid phase (e.g., air or oil) becomes disconnect-
edly distributed if its phase content, 8,,,, becomes less than
some limiting ‘‘residual’’ value, 0,0~ The nonwetting fluid
then loses its capability to move as a linked phase, causing
the phase to become immobile, i.e, K, becomes zero. Fluid
flow of this phase in response to a hydraulic gradient hence
ceases when 6,,, = 6, .. The same situat'on also holds for
the wetting fluid if the connecting parts of its network
become impervisious. This stage is reachec when ail or parts
of the connecting films become so thin, and hence so
strongly adsorbed onto the solid phase, that the weiting fluid
loses its capability to respond to hydraulic gradients. Flow of
the wetting fluid becomes then negligible as compared to its
advective-diffusive transport as a dispersed phase in the
nonwetting fluid. The wetting fluid in that case also becomes
an apparently disconnected (immobile) phase, i.e., &, be-
comes zero when 6, < 6,.,.

The above description of immiscible multifiuid fiow based
on Darcy’s law always considers the wetting and nonwetting
fluid phases to be spatially continuous, with each phase
being either coherently or incoherently distributed. We use
the term coherent to characterize both real and apparent
connectivities in the fluid phase distributions. The residual
fluid contents 6,, . and 8, , characterize the transitions from
coherent to incoherent fluid phase distributions. These two
residual parameters are important geohydraulic variables
affecting fluid flow in the subsurface. Unfortunately, they
have too often been neglected or misinterpreted in previous
descriptions of multiphase flow.

Figure 1 schematically shows the three possible mobility
domains in a soil system containing two immiscible fluids.
We emphasize that incoherency of a fluid phase does not
necessarily mean that the material making up the fluid phase
is fixed in space or time. Incoherency only means that the
fiuid is immobile as a linked phase. Because of trans-phase
exchange and transport as a dissolved phase in the other
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Fig. 1. Possible mobility domains for two immiscible (wetting and nonwetting) fluids in a porous mediur.

fluid phase, the incoherently distributed phase in the subsur- ) P
face can still undergo significant changes. Evaporation and S5* = . 5
condensation, and degassing and dissolution between the ® = O

liquid and gaseous phases, are examples of such trans-phase
exchange processes. Evaporation and vapor phase trans-
port, in particular, can be the predominant cause for water
movement in dry soils.

Taking water and air as the immiscible fluids in a soil, the
volumetric water content in the incoherently distributed
region of the wetting fluid (left domain of Figure 1) can only
change through evaporation and condensation type phase
exchanges, coupled simultaneously with diffusive and/or
advective transport as water vapor in soil air. Liquid water
in the other two domains of Figure 1 is mobile as a linked
phase, and its flow is presumably governed by Darcy’s law.
We will use the scaled variable § to characterize the
effective degree of saturation (0 = § = 1), of that part of
Figure 1 where the wetting fluid is coherently distributed.
Hence from Figure 1,

§ =t O ()
¢ - ew,r

Similarly, the soil air content in the incoherently distrib-
uted nonwetting region (right domain of Figure 1) can only
change through dissolution (or degassing) and its subsequent
removal as dissolved air in moving soil water. Note that
degassing is often a necessary trans-phase process for reach-
ing full saturation with liquid soil water. The left and middle
domains of Figure 1 represent areas in which soil air is
mobile as a linked gaseous phase, and in which air transport
is again governed by Darcy-type laws. As schematically
shown in Figure 1, these two domains are scaled according

to the reduced variable $* (0 < § < I):

PHASE DIsTRIBUTION MODELS

We now define our parametric model for the hysteretic
fluid phase distribution as a function of the capillary pressure
Pc = Pnw — Py Rather than using p,. directly, we will employ
the pressure head equivalent, i.e., & = p_/(p,g). The water
retention model is then given by

0, —A 1
G —A-B |1+ (ah)”

W m=1—1/n (6)
where 8,, is the scaled (dimensionless) wetting fluid satura-
tion, A and B are scaling factors comparable to 6, . and
Bnw.r» Tespectively, and a and n are constants affecting the
shape of the retention curve. Besides the porosity ¢, which
should be estimated separately, (6) contains five unknown
parameters: 0., ,, 0, ,, &g, a,., where the subscripts w and d
on « represent wetting and drying, respectively. Note that
we momentarily assume that n is independent of the satura-
tion (wetting or drying) history, i.e, the sign of 94/9¢ (com-
pare with equation (la)). This same assumption has been
invoked in many recent studies of hysteretic fluid flow [Koo!
et al., 1986; Kool and Parker, 1987; Parker and Lenhard,
1987; Lenhard and Parker, 1987]. Recent literature data and
results from our own experiments suggest the following
reasonable ranges and first approximations of the unknown
model parameters: 1.25 < n < 4.0, 6,,, ~ 28, and a,, ~
2a4. Using the latter two relationships, the number of
unknowns can be reduced to three. On the cther hand, it
may sometimes be necessary to use, similarly as for o,
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Fig. 2. Schematic of the hysteretic fluid phase retention curve

for a two-phase immiscible flow system in a typical coarse-textured
soil.

separate values for n during wetting (n,,) and drying (ng),
thus leading o an additional unknown in the fluid retention
model.

Figure 2 shows several special cases of the hysteretic
retention model based on (6). Let us denote the general
vector of unknown parameters {b} for each retention curve in
Figure 2 by

{6} =1{A; B; a; n} (7N

The main drying curve, MDC, and the main wetting curve,
MWC, in Figure 2 are then defined by the parameter vectors

{tmpc ={A=6,,,; B=

{b}MWC = {A = gw,r; B=

respectively. These MDC and MWC curves form geohy-
draulic limits of the hysteretic fluid distribution domain and
approach each other asymptotically when 4 — 0 and h — .
It is impossible to obtain fluid contents outside this domain
by normal geohydraulic fluid flow only (i.e., fluid flow
governed by Darcy’s law) The MDC and MWC curves
therefore limit the Darcian flow domain. However, if we first
generate a fully saturated soil sample by dissolving the
incoherently distributed nonwetting fluid (e.g., soil air) in the
wetting fluid (water) and subsequently removing dissolved

gﬂ\t‘,r; a g5 n} (8[1)

(8b)

0'1“'.7'; a“'; n}
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air with the flowing wetting fluid, then a primary drying
curve, PDC, can be produced. The PDC (sometimes also
termed the ““first drying curve’’) is often used to estimate the
retention parameters from laboratory-derived data. Its pa-
rameter set is as follows:

{blepc ={A = 0,5 B=0; ay; n} 9

We can similarly generate a soil sample which is saturated
only with the nonwetting fluid (e.g., soil air). Full saturation
in this case is reached by evaporating all residual soil water,
and subsequently removing water vapor frem the scil sample
by diffusion and/or advection with displacing air (e.g., com-
pare with oven drying a soil sample). By wetting such a soil
sample, first perhaps with water vapor and later with liquid
water, the primary wetting curve, PWC, will be generated.
Of course, pressure heads along this curve in the dry region
can only be measured using psychrometers rather than
tensiometers. Until now, the PWC curve has been largely
ignored in soil water retention studies, espectally in the dry
range. Notable exceptions are given by Grismer er al.
[1986a, b]. The parameters of the PWC curve are defined by

{b}PWC = {A = 0; B= enw,r; (e 2 )’l} (9/)

Scanning curves can start at any point P(80. hy) within

the limits of the PDC and PWC curves when the sign of ah/ar

changes. Scanning wetting (SWC) and drying (SDC) curves
are characterized by the parameter vectors

{b}SWC = {A - Aw; B = Brzw,r; Q) }’l} (100)
{Plspc ={A = 0,,; B= By ay; n} (10b)
respectively, where
A d) - Hnw,r - 0w0[1 + (awhO)"]m 1
w = I
0 =01+ (ko) T" (e
Bd = (b - Gw,r - (GWO - gw,r)[l + (Ofdh‘o)"]m (11b)

We note that these equations for the scanning curves are
identical to those proposed by Scotr et al. [1983] and used,
among others, by Kool and Parker [1987]. Because experi-
ments to determine the complete MDC/MWC’s at very low
wetting fluid saturations can be extremely time consuming
and costly in order to reach equilibrium. (steady state),
scanning curves are often used for identification of the
unknown parameters in (6). Laboratory-type experiments
generally start at complete saturation of the wetting fluid
when 6, = ¢ and & = 0, then follow the PDC uniil some
point P(8,, ko) past the inflection point on the PDC curve,
and then go back along a wetting scanning curve starting at
P(By0, ho) to end at h = 0 when 8, = ¢ — 6, (often
referred to as the satiated water content). Unlike most
previous studies, our scanning curves have only one asymp-
tote which is independent of the starting point, i.e., the SWC

TABLE 1. Values of the Scanning Parameters A and B in (6) for the Main (MDC) and Primary (PDC) Drying Curves, the Main
(MWC) and Primary (PWC) Wetting Curves, and the Scanning Drying (SDC) and Scanning Wetting (SWC) Curves

MDC PDC MW C PWC SDC SWC
A (. Oy O r 0 O s equation (I1a)
B O r 0 Bror [ equation (11b) 2

nw,r
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always attempts to go to the point P(¢ — -, 0), and the
SDC to the point P8, ,, »).

Table 1 summarizes the values of the scanning parameters
A and B in dependence of the wetting/drying process (i.e.,
drainage with 8A/9r > 0, or wetting with 9h/at < 0). Figure 3
gives a graphical interpretation of (6) using typical parameter
values for water and air in a coarse-textured soil: ¢ = 0.32,
bor=0.08,0,,, =004, 0, =1.25m ", o, =2.5m"", and
n, = ng = 3.0 (m = 0.667). Figure 3 also shows a series of
wetting and drying scanning curves as defined by (10a) and
(105). The scanning parameters A,, and B;in (10a) and (104)
are, for any arbitrary starting point P(6,,9, hy), calculated
with (11a) and (116). For example, for the starting point
P(8,5 = 0.20, hy = 0.60) in Figure 3 we have for the wetting
(3A/3t < ) curve

0.32-0.04 — 0.20[1 + (2.5 x 0.6)%]%3
a 1—[1+2.5%0.6)%2°

=0.152

w

and for the drying (ah/o¢ > 0) curve B, =10.32-0.08 —(0.20
— 0.08) [1 + (1.25 x 0.6)°1*® = 0.088. The wetting and
drying scanning curves going through P(0.20, 0.60) are hence
given by

0.128

0,=0152+——u
[1+ (1.25h)%]%3

0.152

64=008+—
¢ [1+ (1.250)3]20

respectively.
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Fig. 3. Fluid saturation paths for two immiscible fluids in a typical
coarse-textured soil as calculated with (6).
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PARAMETRIC MODELS FOR C(h)

Decomposition of the term 96, /3¢ in the flow equation into
a parametric storage capacity term and a potential term gives

36, a8, oh
—— e = ()__

= 12
at dh ar (12)

where C is the capillary hydraulic storage coefficient, often
called the soil water capacity in water-air two-phase sys-
tems. Using (6), this function becomes

amn(ah)” !
Co@A-B o e
C=0 h=0

One may show (e.g., van Genuchten and Nielsen, 1985) that
C is a smooth, first-order continuous function across i = ()
when n> 1. A more severe constraint on the retention model
(equation (6)) could be imposed by requiring that C is also
second-order continuous at 4 = 0, thus forcing dC/dh also o
be a continuous function. This last requirement leads to the
constraint » > 2, which is contrary to experimental evidence
which indicates that many soils, especially fine-textured
soils, have #n values between 1 and 2 le.g., Pucketr et al.,
1985; Carsel and Parrish, 1988].

Figure 4 shows a plot of C(k) for both wetting and drying
using the same parameters as employed in Figure 3. Notice
that for a particular set of model parameters the area ( Cdh)
under each C(h) curve is the same and equal to ¢ — 4 — B.
This property follows immediately from (13).
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PARAMETRIC MODELS FOR K,, AND K,

Numerous studies have shown that the geometrical structure
of the fluid channel network in a porous medium formed by two
immiscible fluids is primarily determined by the fluid phase
contents, and only minimally by the saturation history, i.e., by
the sign of 96/dr. This observation implies that the hydraulic
conductivity functions of the wetting and nonwetting fluids are
single-valued and nonhysteretic. Consequently, the same
model should be applicable to the hydraulic conductivity
function during both drying and wetting.

Of several predictive hydraulic conductivity models avail-
able, Mualem’s model appears to be the most accurate and
phenomenaclogically the most realistic [Mualem, 1976; van
Genuchten and Nielsen, 1985; Journel and Alabert, 1988].
Mualem’s [1976] original model may be expressed in the form

AfS)]?
K.(0,)=KS|— 14
(0,) [f(l)J (14)
where
f8) = g d 15)
*]L ey < (

in which § is given by (4), K is the hydraulic conductivity at
full saturation when 6,, = ¢, and [ is a pore connectivity
parameter estimated by Mualem [1976] to be about 0.5 as an
average for many soils.

Equation (14) assumes that an independent estimate for K
at full saturation can be easily obtained experimentally.
Unfortunately, this is generally not true, especially for
undisturbed field soils. Recent studies by van Genuchten
and Nielsen [1985] and others suggest that the accuracy of
K, near saturation is generally impaired because of the steep
slope of (14) when § — 1. Very small measurement errors in
the water content here can lead to unacceptably large errors
in the hydraulic conductivity. Also, the hydraulic conduc-
tivity near saturation is determined primarily by soil-
structural soil properties which are known to be subject to
spatial and temporal variability in the field. This is in
contrast to soil textural properties which generally are less
variable, and which have a more dominant effect on K in the
dry range. Thus both theoretical and experimental consider-
ations suggest that K ; at full saturation should not be used as
a matching point in (14), or in other predictive models for the
unsaturated hydraulic conductivity. Instead, a measured
unsaturated hydraulic conductivity value at a water content
somewhat less than saturation, but still in the relatively wet
water content range, is far more suitable as a matching point.
Having this point in the relatively wet range still enables one
to rather quickly execute field or laboratory experiments
without being subject to some of the experimental or theo-
retical uncertainties discussed above.

If we take the matching point at some arbitrary fluid phase
content 8,5, then Mualem’s model may be redefined as

K,(8,) = K(8,,0)(S/S0) [F(S)fF(Se)]?
where Sy = §(6,,). Substitution of (6) into (15) gives

(16)

o 1 — (1 . Svl/m)m 2
wan)=»wawwcwsw’{;:7;:1in§;} (17)

We can apply Mualem’s models also to the nonwetting
fluid, similar to what was done by Brooks and Corey [1966]
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Fig. 5. Relative permeabilities of two immiscible fluids in a
porous medium as calculated with (17) for the wetting fluid and (20}
for the nonwetting fluid.

when they derived their own equations using Burdine's
[1953] model. Analogous to (16), the hydraulic conductivity
of the nonwetting fluid becomes now

Kou(0,0) = Kpn(0,,0)(S*S5) (S g(So)]* (18)

where the scaled nonwetting fluid saturation variable $* is
defined by (5), vy is a pore connectivity oarameter for the
nonwetting fluid (similar to / for the wetting fluid), and where

_ 1
g(S):J(
N

Substituting (19) into (18), and approximating § by 1 — §*,
leads finally to

I .
—dr = (1 o Sl/m)m

h(r) )

R I b Ak
an(ew) = an(gw())[s */Sf)k]y [1 — (1 — S'E‘) l/m]m (20)
Figure 5 shows the relative permeability functions ob-
tained with (17) and (20) assuming n,, = n; = 3 as in Figures
3 and 4 and using 1/2 for [ and 1/3 for y. The relative
conductivity functions for different 0, ars given by

Kw,r = Kw(ew)/Kw(ewo) an,r = an(f)w)/an(@wo) (21)

The plots in Figure 5 show that very small errors in the
measurement of 8, can lead to extremely large errors in the
K., functions. This again suggests that measurements of
K.,.(8,.9) should not be made at or close to full fluid saturation.
Actually, the use of two or more measured points at different
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0,0 appears very effective in improving the accuracy of the
predictive unsaturated hydraulic conductivity function.

Additional experiments, especially carefully controlled
laboratory studies, are indispensable for validating the con-
cepts elaborated upon in this paper. The partly conceptual
and partly phenomenological basis of the above parametric
models cannot be justified or validated by purely theoretical
considerations only, or exclusively by empirical work. Par-
ticularly useful would be laboratory experiments in which
one and the same soil sample is used for estimating the
drying and wetting fluid phase retention curves, as well as
for measurement of the unsaturated hydraulic conductivity.
Theoretical and experimental studies are also needed to
determine reasonable ranges for the parameter m, especially
if allowed to be independent in (6), and the connectivity
parameters [ and y. Finally, statistical dependencies and
sensitivities of the model parameters by identification using
optimization procedures must be evaluated.

SUMMARY AND CONCLUSIONS

This paper presents a consistent set of parametric models
for the unsaturated fluid phase content and hydraulic con-
ductivity functions of typical immiscible two-phase systems
like water and air, or water and hydrocarbons. The equa-
tions are obtained by combining physically realistic expres-
sions for the hysteretic wetting and nonwetting fluid reten-
tion curves with a statistical pore size distribution model
based on Mualem’s [1976] theory. Mualem’s theory predicts
the hydraulic conductivity from more easily measured fluid
retention data. The fluid saturation (soil water retention)
curves were described with modifications of the higher-order
continuous S-shaped retention function of van Genuchten
[1980]. The functions were modified to allow inclusion of
both wetting and nonwetting residual fluid saturations. The
use of residual saturations is shown to be appropriate when
a fluid phase becomes incoherently distributed, in which
case the fluid does not move anymore as a connected (or
linked) phase as described by Darcy’s law in response to
imposed pressure gradients. To avoid several theoretical and
experimental complications, we again emphasize the need to
match the predicted and experimental hydraulic conductiv-
ities at fluid phase contents less than full saturation.

REFERENCES

Brooks, R. H., and A. T. Corey, Hydraulic properties of porous
media, Hydrol. Pap. 3., Dep. of Civ. Eng., Colo. State Univ.,
Fort Collins, 1964.

Brooks, R. H., and A. T. Corey, Properties of porous media
affecting fluid flow, J. Irrig. Drain. Div. Am. Soc. Civ. Eng.,
92(IR2), 61-66, 1968.

Burdine, N. T., Relative permeability calculations from pore-size
distribution data, Trans. Am. Inst. Min. Metall. Pet. Eng., 198,
T1-7&, 1953.

Carsel, R. F., and R. S. Parrish, Developing joint probability
distributions of soil water retention characteristics, Warer Re-
sour. Res., 24(5), 755-769, 1988.

Childs, E. C., and G. N. Collis-George, The permeability of porous
materials, Proc. R. Soc. London Ser. A, 201, 392405, 1950.

Dane, J. H., and P. J. Wierenga, Effect of hysteresis on the
prediction of infiltration, redistribution and drainage of water in a
layered soil under transient flow conditions, J. Hydrol., 25,
229-242, 1975.

Gn'sme\r, M. E., D. B. McWhorter, and A. Klute, Determination of
diffusivity and hydraulic conductivity in soils at low water con-
tents from nondestructive transient flow observations, Soil Sci.,
141(1), 10-19, 1986a.

2193

Grismer, M. E., D. B. McWhorter, and A. Klute, Monitoring water
and salt movement in soils at low solution contents, Soil Sci.,
141(2), 163-171, 19865.

Hoa, H. T., R. Gaudu, and C. Thirriot, Influence of hysteresis effect
on transient flows in saturated-unsaturated porous media, Warer
Resour. Res., 13(6), 992-996, 1977.

Journel, A. G., and F. G. Alabert, Focusing on spatial connectivity
of extreme-valued attributes: Stochastic indicator models of res-
ervoir heterogeneities, Pap. SPE 18324, pp. 621-632, Soc. Pet.
Eng., Richardson, Tex., 1988.

Kaluarachchi, J. J., and J. C. Parker, Effects of hysteresis with air
entrapment on water flow in the unsaturated zone, Water Resour.
Res., 23(10), 19671976, 1987.

Klute, A. (Ed.), Methods of Soil Analysis, 1, Physical and Miner-
alogical Methods, Agron. Monogr. 9, 2nd ed., American Society
of Agronomy, Madison, Wisc., 1986.

Kool, J. B., and J. C. Parker, Development and evaluation of
closed-form expressions for hysteretic soil hydraulic properties,
Water Resour. Res., 23(1), 105-111, 1987.

Kool, J. B., I. C. Parker, and M. Th. van Genuchten, The inverse
problem for hysteretic unsaturated flow, in Finite Elements in
Water Resources, edited by A. Sa da Costa, A. Melo Baptista, W.
G. Gray, C. A. Brebbia, and G. F. Pinder, pp. 337-346, Springer
Verlag, New York, 1986.

Lenhard, R. J., and J. C. Parker, A model for hysteretic constitutive
relations governing multiphase flow, 2, Permeability-saturation
relations, Water Resour. Res., 23(12), 2197-2206, 1987.

Luckner, L., Beitrag zur digitalen Similation der Strémungsvor-
ginge in der Aerationszone, Arch. Acker Pflanzenbau Bodenk.,
21(4), 1977,

Luckner, L., and W. M. Schestakow, Migrationsprozess in der
Boden- und Grundwasserzone, VEB Deutcher Verlag fiir Grund-
stoffenindustrie, Leipzig, German Democratic Republic, 1986.

Luckner, L., G. Peschke, and G. Schreiber, Digitale Simulation der
Strémungsvorginge in der Aerationszone—Stand und Entwick-
lungstendenzen in der DDR, Acta Hydrophys., 23(d), 249-289, 1978.

Mualem, Y., A new model for predicting the hydraulic conductivity of
unsaturated porous media, Water Resour. Res., 12(3), 513-522,
1976.

Mualem, Y., Hydraulic conductivity of unsaturated soils: Prediction
and Formulas, in Methods of Soil Analysis, 3, edited by A. Klute,
Agron. Monogr. 9, 2nd ed., pp. 799-823, American Society of
Agronomy, Madison, Wisc., 1986.

Mualem, Y., and G. Dagan, Hydraulic conductivity of soils: Unified
approach to the statistical models, Soil Sci. Soc. Am. J., 42(3),
392-395, 1978.

Parker, J. C., and R. J. Lenhard, A model for hysteretiic constitutive
relations governing multiphase flow, 1, Saturation-pressure rela-
tions, Water Resour. Res., 23(12), 2187-2196, 1987.

Puckett, W. E., J. H. Dane, and B. F. Hajek, Physical and
mineralogical data to determine soil hydraulic properties, Soil Sci.
Soc. Am. J., 49(4), 831-836, 1985.

Scott, P. S., G. J. Farquhar, and N. Kouwen, Hysteretic effects on
net infiltration, in Advances in Infiltration, pp. 163-170, American
Society of Agricultural Engineers, St. Joseph, Mich., 1983.

van Genuchten, M. Th., A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am. J.,
44(5), 892-898, 1980.

van Genuchten, M. Th., and D. R. Nielsen, On describing and
predicting the hydraulic properties of unsaturated soils, Asn.
Geophys., 3(5), 615-628, 1985.

van Genuchten, M. Th., F. Kaveh, W. B. Russel, and S. R. Yates,
Direct and indirect methods for estimating the hydraulic proper-
ties of unsaturated soils, in Land Qualities in Space and Time,
edited by J. Bouma and A. K. Bregt, pp. 61-72, Pudoc, Wagenin-
gen, The Netherlands, 1989.

L. Luckner and D. R. Nielsen, Department of Land, Air, and
Water Resources, University of California, Davis, CA 95616.

M. Th. van Genuchten, U.S. Salinity Laboratory, Agricultural
Research Service, U.S. Department of Agriculture, 4500 Glenwood
Drive, Riverside, CA 92501.

(Received April 13, 1989;
revised June 16, 1989;
accepted June 16, 1989.)



